Liver cancer, which typically develops on a background of chronic liver inflammation, is now the second leading cause of cancer mortality worldwide. For patients with liver cancer, surgical resection is a principal treatment modality that offers a chance of prolonged survival. However, tumor recurrence after resection, the mechanisms of which remain obscure, markedly limits the long-term survival of these patients. We have shown that partial hepatectomy in multidrug resistance 2 knockout (Mdr2 -/-) mice, a model of chronic inflammation-associated liver cancer, significantly accelerates hepatocarcinogenesis. Here, we explore the postsurgical mechanisms that drive accelerated hepatocarcinogenesis in Mdr2 -/-mice by perioperative pharmacological inhibition of interleukin-6 (IL6), which is a crucial liver regeneration priming cytokine. We demonstrate that inhibition of IL6 signaling dramatically impedes tumorigenesis following partial hepatectomy without compromising survival or liver mass recovery. IL6 blockade significantly inhibited hepatocyte cell cycle progression while promoting a hypertrophic regenerative response, without increasing apoptosis. Mdr2 -/-mice contain hepatocytes with a notable persistent DNA damage response (cH2AX, 53BP1) due to chronic inflammation. We show that liver regeneration in this microenvironment leads to a striking increase in hepatocytes bearing micronuclei, a marker of genomic instability, which is suppressed by IL6 blockade. Conclusion: Our findings indicate that genomic instability derived during the IL6-mediated liver regenerative response within a milieu of chronic inflammation links partial hepatectomy to accelerated hepatocarcinogenesis; this suggests a new therapeutic approach through the usage of an anti-IL6 treatment to extend the tumor-free survival of patients undergoing surgical resection. (HEPATOLOGY 2017;65:1600-1611 A necdotal and experimental observations collected over the past century clearly indicate that surgical stress can dramatically accelerate the recurrence of cancers.
devastating disease with a 5-year survival rate of only about 7%. But resection has dire ramifications as it is generally associated with poor survival, largely due to rates of tumor recurrence occurring within 5 years of treatment that can reach levels of 75%-80%. (2, 3) Estimates indicate that undetected intrahepatic lesions contribute to 60%-70% of recurrences, while 30%-40% are due to de novo HCC lesions. (5) While studies in animal models using transplanted tumor cells or chemical-induced tumors indicate that PH can significantly enhance most aspects of tumorigenesis, including initiation, promotion, growth, and metastasis, (6) (7) (8) (9) (10) the molecular and cellular mechanisms underlying this process remain largely undefined. Moreover, unlike these animal models, in most cases, human HCC is driven by chronic injury and inflammation of the liver due to chronic viral hepatitis, alcohol abuse, and/or nonalcoholic steatohepatitis. (11) Thus, currently, there is insufficient information about how liver regeneration affects hepatocarcinogenesis, particularly in an inflammatory microenvironment.
In previous studies, we and others have followed the development of liver fibrosis and determined the role of inflammation in the development of HCC in multidrug resistance 2 (Mdr2, Abcb4) knockout (Mdr2 -/-) mice. (12) (13) (14) These mice lack the liver-specific P-glycoprotein, which causes regurgitation of toxic bile from leaky ducts and induces portal inflammation at an early age (3 months), followed by dysplasia and slowly developing HCC (age 12-15 months). Adult human patients carrying mutations in the MDR3/ABCB4 gene, the human ortholog of the murine Mdr2 gene, also show an increased risk for dysplasia with later development of HCC and cholangiocarcinoma. (15) We recently modeled the human clinical condition of a patient undergoing PH by performing a similar procedure in chronically inflamed Mdr2 -/-mice. (16) We showed that liver resection under high basal levels of cell cycle arrest, senescence, and apoptosis present in hepatocytes of Mdr2 -/-mice strongly attenuates regeneration but dramatically accelerates hepatocarcinogenesis and tumor development. (16) In the present study we examined the molecular and cellular mechanisms governing liver regeneration in order to gain insight into their roles in accelerated carcinogenesis. The process of liver regeneration is primed by cytokines, including interleukin-6 (IL6) secreted within hours following PH, and propagated by growth factors, including hepatic growth factor. (17) Interestingly, most observations indicate that IL6, although not a complete mitogen for hepatocytes in vivo, is critical to the early onset of the DNA synthetic response following PH and appears to mediate both promitotic and prosurvival activities. (18) (19) (20) (21) (22) We therefore set out to determine whether IL6 is also crucial for accelerated hepatocarcinogenesis.
Materials and Methods

ANIMALS
Mdr2 knockout (Mdr2 -/-) mice (FVB/NJ) (derived from FVB.129P2-Abcb4tm1Bor; The Jackson Laboratory) have been described. (16) Wild-type (WT) mice (FVB/NJ) were purchased from Harlan Laboratories Ltd. (Jerusalem, Israel). Mdr2
-/-IL6 -/-(C57BL/6) mice were derived by crossing Mdr2 -/-(C57BL/6) mice (23) and IL6 -/-(C57BL/6) mice (The Jackson Laboratory). Mice were maintained in an animal facility under specific pathogen-free conditions, at a temperature of 23 8C in a 12-hour light-dark cycle, and received sterile commercial rodent chow and water ad libitum. Experimental procedures and animal maintenance were performed in accordance with Institutional Animal Care and Use Committee-approved animal treatment protocols (license no. OPRR-A01-5011). Two-thirds PH was performed as described (16, 24) on 3-month-old and 6-month-old mice under ketamine and xylazine anesthesia in the morning and consisted of midline laparotomy with separate ligation and removal of the left and anterior median lobes. Antibody-mediated inhibition of IL6 was performed by injection of a rat neutralizing anti-IL6 immunoglobulin G1 (IgG 1 ) monoclonal antibody (mAb; 100 lg, intravenously; MAB406; R&D Systems Inc.) or a rat IgG 1 isotype control mAb (100 lg, intravenously; MAB005; R&D Systems Inc.) reconstituted according to the manufacturer's instructions, diluted in normal saline, and administered immediately following PH. Mice were injected intraperitoneally with 5-bromo-2'-deoxyuridine (BrdU; Sigma-Aldrich, Rehovot, Israel) at 1 mg/mouse in 10 mL/1 g of body weight 3 hours prior to sacrifice by exsanguination while under ketamine and xylazine anesthesia. Upon sacrifice, livers were excised and weighed, and liver tumors with a diameter >2 mm were counted and measured. Liver specimens were either fixed in 4% buffered formalin or snap-frozen in liquid nitrogen for further analysis.
MAGNETIC RESONANCE IMAGING ANALYSIS
In vivo assessment of tumor incidence was performed by magnetic resonance imaging (MRI) using a horizontal 4.7T BioSpec spectrometer (Bruker Corporation, Billerica, MA), using a bird cage coil. Mice were anesthetized (30 mg/kg of pentobarbital intraperitoneally) and placed in a supine position, with the liver located at the center of the coil, as described. (16) Mice were scanned at 7, 8, 9, and 10 months of age; and liver hepatomegaly and tumor formation were evaluated from multislice coronal and axial T1-weighted and T2-weighted fast-spin echo images covering the entire liver, both coronally and axially (repetition time/echo time 5 147/10 milliseconds; flip angle 5 30 degrees; field of view 5 5 cm; 256 3 256 pixels; 11-13 slices with slice thickness 5 1 mm). Specimens were analyzed by an experienced operator in a blinded fashion.
HISTOLOGY, IMMUNOHISTOCHEMISTRY, IMMUNOFLUORESCENCE, AND WESTERN BLOT ANALYSES
Livers samples were fixed in 4% buffered formaldehyde, followed by 80% ethanol and embedded in paraffin blocks. Sections (5 lm thick) were stained with hematoxylin and eosin by standard procedures. Immunochemistry and western blot analyses were performed using antibodies against BrdU (Dako, Denmark), Ki-67 (clone TEC-3, Dako), b-catenin (BD Biosciences, San Jose, CA), lamin B1 (Novus Biologicals, CO), phosphorylated signal transducer and activator of transcription 3 (STAT3), STAT3, (Santa Cruz Biotechnology, Santa Cruz, CA), phosphorylated AKT1 (AKT, Ser473) and AKT (Cell Signaling), anti-cH2AX (Millipore), anti-53BP1 (Bethyl Laboratories Inc.), anti-caspase-3 (Cell Signaling Technology Inc.), rabbit anti-cytokeratin 19 (CK19; Abcam), and b-actin antibody (Sigma). Immunostainings and western blots were developed with antimouse horseradish peroxidase polymer, antirabbit horseradish peroxidase polymer (Dako), or biotinylated rabbit antirat (for BrdU) and developed with 3-amino-9-ethylcarbazole. Immunofluorescent staining was visualized with Alexa Fluor 488 goat antimouse IgG (Life Technologies; for b-catenin, cH2AX), Alexa Fluor 635 goat antirabbit (Invitrogen; lamin, 53BP1), and donkey anti-rabbit(Cy3) (Jackson; CK19). For western blot analysis, protein extracts (50 lg) prepared from flash-frozen tissue samples (100 mg) by homogenization were separated by polyacrylamide gel electrophoresis and subjected to western blot analysis as described. (24) Western blot bands were quantified using ImageJ Imaging software (National Institutes of Health).
MEASUREMENT OF CELL SIZE
Digital images of liver thin sections (5 lm thick) prepared from formalin-fixed, paraffin-embedded samples stained by immunofluorescence for b-catenin and 4,6-diamidino-2-phenylindole (DAPI) were photographed at a magnification of 340. Cell size of hepatocytes in zone 2 was measured as area in square pixels using ImageJ software in 100 hepatocytes/mouse by an observer who was blinded to the treatment groups.
MICRONUCLEI ASSESSMENT
Micronuclei (MNi)-containing hepatocytes were assessed in paraffin-embedded thin sections by immunofluorescence staining for lamin and b-catenin and counterstained with DAPI. MNi were identified as lamin-coated, DAPI 1 bodies less than one quarter the size of the nucleus and visibly distinct from the nucleus and hepatocyte cell borders demarked by b-catenin, essentially as defined. (25) MNi-containing hepatocytes were quantified within photomicrographic images of immunofluorescently stained thin sections taken at an original magnification of 340 and entailed scoring of about 400 hepatocytes/mouse by an observer who was blinded to the treatment groups.
STATISTICAL ANALYSIS
Statistical comparisons using the indicated tests were performed using GraphPad Prism version 6.02 software (GraphPad Software), with P < 0.05 considered statistically significant. Repeated measures analysis of variance was performed using SPSS Statistics Data Editor, version 22.
Results
IL6 BLOCKADE INHIBITS PH-INDUCED ACCELERATED CARCINOGENESIS
In order to determine the role of IL6 in accelerated hepatocarcinogenesis following liver regeneration, we initially subjected Mdr2 -/-single-knockout (C57BL/ 6) and Mdr2-IL6 double-knockout (Mdr2 -/-
IL6
-/-, C57BL/6) mice to PH. However, while about 90% (14/16) of the single-knockout Mdr2 -/-mice survived long term, most (8/12) of the double-knockout mice perished within 6 months after surgery (P 5 0.0054 by Fisher's exact test), perhaps reflecting the sensitivity of IL6 knockout mice to liver resection. (18, 21, 22) In contrast, we found that a single administration of an anti-IL6 mAb (100 lg, intravenously) to Mdr2 -/-(FVB/ NJ) mice, the strain used in our previous study, (16) at the time of resection did not diminish survival of the resected mice. Following perioperative administration of IL6 mAb at this dose, circulating IL6 protein in the Mdr2 -/-mice became undetectable at 9 hours post-PH (Supporting Fig. S1 ).
Therefore, to examine whether IL6 supports accelerated hepatocarcinogenesis following liver regeneration, we subjected Mdr2 -/-(FVB/NJ) mice to PH at 3 months of age and treated the mice at the time of surgery with either the IL6 mAb in order to temporarily inhibit IL6 activity or a control IgG mAb (Supporting Fig. S2 ). We then monitored the resected mice for tumor development by MRI analysis at 7, 8, 9, and 10 months of age and by visual scoring upon sacrifice at the age of 10 months (Supporting Fig. S2 ). MRI analysis revealed that IL6 blockade strongly delayed the appearance of liver tumors in the resected mice, leading to a striking 3-fold reduction in tumor incidence in comparison to control mAb-treated mice (Fig. 1A,D) . Additional analysis by visual scoring confirmed the observations of the MRI analysis and further showed that IL6 mAb treatment dramatically reduced tumor load but reduced tumor volume only marginally and without statistical significance ( Fig. 1C-F , solid bars and symbols).
These observations suggested that IL6 expression following PH may function to drive tumor initiation or perhaps to promote progression of cancerous or precancerous cells. We therefore reasoned that if liver regeneration promotes tumor progression, then allowing more time for precancerous cells or microtumors to accumulate in the liver prior to resection might be expected to increase tumorigenesis. To test this hypothesis, we subjected Mdr2 -/-mice to PH at the age of 6 months together with treatment with either IL6 mAb or control IgG at the time of surgery. Analysis for tumor development by visual scoring upon sacrifice at 10 months of age demonstrated that IL6 blockade following PH performed at 6 months of age also dramatically reduced both tumor incidence and tumor load (Fig. 1D,E) . However, a comparison of tumors appearing in the control IgG-treated mice following PH showed slight decreases in tumor load and in tumor volume in mice resected at 6 months of age compared to mice resected at 3 months, without statistical significance (P 5 0.65 and P 5 0.12, respectively, by two-tailed Mann-Whitney test) (Fig. 1E,F, solid versus open symbols) . Also, no differences in tumorigenesis were observed in the IL6 mAb-treated mice resected at 3 and 6 months of age. This finding is consistent with the notion that events proximal to PH, but not those accumulating in time prior to PH, determined the tumorigenic outcome. Because CK19 expression has been reported to predict early postoperative recurrence and aggressiveness in some human HCCs, (26) we examined CK19 expression in Mdr2
-/-mice with or without IL6 mAb treatment. However this analysis revealed that IL6 mAb treatment did not affect the levels of CK19 expression in the tumors and dysplastic nodules, which were largely negative for CK19 staining (Supporting Fig. S3) . Importantly, the effect of IL6 blockade was evident only within the context of the regenerative response as administration of the IL6 and control mAbs at 3 months of age without PH had no apparent effect on tumor incidence at 10 months of age (9/9 for anti-IL6 versus 8/10 for control mAb-treated mice, respectively, P 5 0.47 by Fischer's exact test). Thus, IL6 blockade markedly reduced tumorigenesis and improved tumor-free survival in mice with chronic inflammation that undergo liver resection.
IL6 BLOCKADE INDUCES A HYPERPLASTIC TO HYPERTROPHIC SWITCH FOLLOWING PH
In order to uncover the cellular mechanisms through which IL6 supports accelerated carcinogenesis in the context of chronic hepatitis, we next examined the role of IL6 in liver regeneration in the Mdr2 -/-mice. Liver regeneration normally begins with a priming phase mediated by IL6 and tumor necrosis factor a, -/-mice subjected to PH at 3 or 6 months of age and treated with either anti-IL6 or control mAb were analyzed using two-tailed Fischer's exact test. *P < 0.05, **P < 0.01). (E) Tumor load per mouse liver and (F) tumor volume at 10 months of age. Data of individual mice (E) and tumors (F) were means-analyzed using a two-tailed Mann-Whitney test. *P < 0.05, **P < 0.01; anti-IL6, n 5 12 and n 5 14; control IgG, n 5 15 and n 5 9 for PH at 3 and 6 months, respectively. Abbreviation: ns, nonsignificant.
which is followed by a burst of regenerative activity during which most of the hepatocytes enter the cell cycle. (17) We have shown that liver regeneration is strongly attenuated in Mdr2 -/-mice, as manifested by a blunted DNA synthetic response and the accumulation of hepatocytes arrested within the cell cycle. (16) However, during regeneration, IL6 is also crucial for the protection from necrosis and apoptosis, (18, 20, 22) which, in principle, can also function to restrict tumorigenesis. Indeed, nuclear factor jB-mediated protection from apoptosis has been identified as an important mechanism in promoting tumorigenesis in Mdr2 -/-mice. (13) We therefore examined the effect of IL6 blockade by mAb inhibition on hepatocyte apoptosis and the regenerative response following PH. Surprisingly, analyses of apoptosis by caspase-3 immunostaining ( Fig. 2A) and by terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (data not shown) showed that apoptosis levels did not increase following PH and were not affected by the IL6 mAb treatment. On the other hand, analysis of mitotic response in hepatocytes following PH by immunostaining for Ki-67 and BrdU uptake demonstrated a small but significant 2-fold increase in the number of hepatocytes entering the cell cycle 48 hours post-PH (Fig. 2B,C) . Notably, perioperative inhibition of IL6 reduced the mitotic response in Mdr2 -/-mice by between 70% and 50%, as indicated by Ki67 (P < 0.01) and BrdU 1 (P 5 0.057) immunostaining, respectively (Fig.  2B,C) , and had a similar effect in WT mice (Supporting Fig. S4 ). Curiously, despite the low hepatocyte proliferative response, IL6 mAb-treated mice displayed no impairment in the recovery of liver mass in comparison to control-treated mice during the week following PH or at the age of 10 months (Supporting Fig. S5 ). This suggests that an alternative mechanism drives liver regeneration following PH in Mdr2 -/-mice subjected to IL6 blockade.
Recovery of liver mass following resection is governed by both hyperplastic and hypertrophic responses, controlled, respectively, by the STAT3 and by AKT/mammalian target of rapamycin complex 1 signaling pathways. (27) (28) (29) In the absence of STAT3 activation, recovery of liver mass can occur through AKT/mammalian target of rapamycin complex 1-mediated hypertrophy of the hepatocytes. (28, 29) Western blot analysis of liver samples taken shortly following PH showed that STAT3 phosphorylation, which is largely IL6-mediated during liver regeneration, (18) increased in the Mdr2 -/-mice 24 hours post-PH and, as expected, was significantly diminished by IL6 blockade (Fig. 3A) . In contrast, levels of phosphorylated AKT, which were not substantially elevated in control-treated mice at either time point, increased by about 10-fold at 48 hours post-PH in IL6 mAb-treated mice (Fig. 3A) . We therefore postulated that restoration of liver size in the IL6 mAb-treated mice was a function of growth in cell size rather than cell proliferation. Analysis of hepatocyte cell size showed that, while cell size did not change 4 days post-PH, by 6 days following PH hepatocytes in IL6 mAb-treated mice were significantly larger than both the hepatocytes prior to PH and those in the mice treated with control mAb (Fig.  3B,C) . Indeed, the hepatocytes of IL6 mAb-treated mice increased in size by about 36% to 1,329 6 53 pixels (mean 6 standard error of the mean) in comparison to their size prior to surgery (977 6 38 pixels), whereas the hepatocytes of the control-treated mice increased in size by only one half as much, i.e., 17% (1,148 6 48 pixels) (Fig. 3D) . Curiously, increased hepatocyte cell size following IL6 inhibition was not observed in WT mice following PH (data not shown). As expected, the percentage of polynucleated hepatocytes in Mdr2 -/-mice was significantly reduced following PH, (30, 31) suggesting a reduction in polyploidy (32) ; but their levels returned to baseline by the age of 10 months and were not affected by IL6 inhibition at either stage (Supporting Fig. S6 ). Taken together, these findings suggest that accelerated hepatocarcinogenesis is closely linked to cell cycle progression rather than protection from apoptosis and that in the absence of IL6, a hypertrophic regenerative response compensates for the reduced hyperplastic response following PH in Mdr2 -/-mice.
GENOMIC INSTABILITY IS INCREASED BY PH AND PREVENTED BY IL6 BLOCKADE
During early liver inflammatory stages, hepatocytes of Mdr2 -/-mice possess pronounced genomic instability. (16) This is manifested by an elevated chromosomal instability gene expression signature and also by the presence of double-stranded DNA breaks, revealed by the activation of DNA damage response pathways and the presence of coimmunofluorescence stained foci of phosphorylated cH2AX and 53BP1 (Supporting Fig.  S7 ). (16) Because replicative stress and the presence of double-stranded breaks during cell division can give rise to genomic instability, (33) we postulated that the hyperplasia during liver regeneration may lead to enhanced genomic instability in Mdr2 -/-mice and underlie the acceleration of carcinogenesis. (16) MNi and other nuclear anomalies are generated from lagging chromosomes during defective cell division. (34) (35) (36) (37) Because they are strongly correlated with mitotic errors, MNi are regarded as an accurate indicator of genomic instability and as biomarkers of genotoxic events related to mutagen exposure. (34) (35) (36) (37) In order to assess the effect of PH on genomic instability in mice with chronic hepatitis, we compared levels of MNi in hepatocytes before and following PH in Mdr2 -/-and WT mice. Using immunofluorescence staining, which accurately identifies MNi according to their characteristic features as small, lamin-coated, extranuclear DNA bodies, (25) we quantified the micronucleated (MNi 1 ) hepatocytes before PH and on days 2 and 6 following PH in WT and Mdr2 -/-mice treated with either control or IL6 mAbs at the time of resection. This analysis clearly identified the presence of MNi in the hepatocytes of Mdr2 -/-mice ( Fig. 4A; Supporting Fig. S81 ), most of which appeared to be encased within lamincoated nuclear envelopes. MNi appeared to be present in about 0.17 6 0.04% (mean 6 standard error of the mean) of the hepatocytes in naive WT mice (Fig. 4B) . In contrast, in Mdr2 -/-mice, MNi 1 hepatocytes appeared to be significantly more widespread, representing 0.46 6 0.06% (P 5 0.001, by Mann-Whitney test) of total hepatocytes before PH. Interestingly, we observed that MNi in Mdr2 -/-hepatocytes occasionally stained positive for BrdU or Ki-67 by immunostaining, independent of that in the nucleus (Supporting Figs. S9 and S10), suggesting that MNi in Mdr2 -/-mice may undergo asynchronous DNA replication relative to the primary nucleus. (38) Following PH, the levels of MNi 1 hepatocytes in the Mdr2 -/-mice remained relatively unchanged for about 2 days in both experimental and control mice but then dramatically hepatocytes by more than 2-fold. In WT mice, the levels of MNi 1 hepatocytes did not change significantly following PH in comparison to naive controls (P 5 0.126, by Mann-Whitney test), in agreement with previous reports. (39, 40) These observations indicate that the high baseline levels of genomic instability in the hepatocytes of Mdr2 -/-mice strikingly increase following liver resection but are prevented by IL6 blockade, in close correlation with its effect on accelerated hepatocarcinogenesis.
Discussion
The risk of initiation of secondary hepatic cancers following surgical procedures remains an enormous therapeutic challenge to the long-term cancer-free survival of liver cancer patients. Our findings demonstrate that IL6, as an integral element of the cytokine signaling pathways driving liver regeneration, (17, 18) is also crucial to the process of accelerated hepatocarcinogenesis following liver resection. Inhibition of IL6 during liver regeneration reduced STAT3 phosphorylation, while leading to strong AKT activation followed by a diversion from a hyperplastic regenerative response to a hypertrophic response and subsequently reduced carcinogenesis. These observations are supported by previous reports that STAT3 and AKT govern the alternative pathways of liver regeneration (27) (28) (29) 41) and by the direct linkage between STAT3 and cancer observed previously. (42) Although AKT is also frequently hyperactivated in human cancers and is targeted for cancer therapy, our observation that AKT activation is associated with a reduction in cancer is supported by recent data showing that combined deletion of AKT isoforms leads to spontaneous liver cancer in mice. (43) But how does IL-6 accelerate hepatocarcinogenesis? Our findings identify genomic instability enhanced during liver regeneration as a probable underlying mechanism that links surgical resection to accelerated hepatocarcinogenesis within a milieu of chronic inflammation. Interestingly, while our previous study showed that PH promotes tumor progression in terms of growth and number, (16) the findings of the present study indicate that perioperative inhibition of IL6 primarily affects tumor incidence and tumor load, a reflection of tumor-initiating events.
As shown in our previous studies (16) and confirmed here, the environment of bile-induced oxidative stress, chronic liver injury, and chronic inflammation in Mdr2 -/-mice gives rise to a persistent DNA damage response in hepatocytes. In this genotoxic environment, it is conceivable that physiological pressure to maintain metabolic homeostasis in the face of tissue loss imposes an IL6-initiated regenerative regime on hepatocytes, including those harboring DNA damage, leading to defective cell division, MNi formation, increased mutagenesis and genomic instability, and accelerated liver cancer. Severe genotoxicity can also lead to apoptosis, which can act to limit liver cancer. (13) But this apparently was not the case here as a role for IL6 in the context of hepatocyte protection from apoptosis in the resected Mdr2 -/-was not observed. In this study, we assessed MNi in order to quantify genomic instability in Mdr2 -/-mice. MNi and other nuclear anomalies are well-established biomarkers of genotoxic events and chromosomal instability and are commonly associated with cancer and precarcinogenic states. (34) (35) (36) (37) MNi also reportedly feature in hepatocytes of human patients with chronic hepatitis and appear to progressively increase in number from cirrhotic nodules to large regenerative nodules to dysplastic nodules and HCC. (44) However, we report a direct linkage of MNi to tumor promotion following surgical resection in a chronically inflamed liver.
Here, we show that MNi, which are inherently elevated in hepatocytes of Mdr2 -/-mice, increase in an IL6-dependent fashion during liver regeneration together with the acceleration of tumorigenesis. This strongly supports the notion that MNi may be integral to the mutagenic events promoting carcinogenesis in an inflamed liver. Studies in cultured cells have identified functional defects in DNA replication and DNAdamage repair in MNi, which serve as a source of chromosome pulverization. (38) Our observation that some MNi may be undergoing asynchronous DNA replication relative to the primary nucleus (Supporting Figs. S7 and S8) suggests that perhaps these MNi similarly serve as a source of pulverized chromosomes in Mdr2 -/-hepatocytes. Moreover, recent evidence from Stephens et al. (45) and from Zhang et al. (46) points to MNi as a source of a unique form of genetic instability and mutation in cancer cells, called chromothripsis, in which a single catastrophic event gives rise to tens to hundreds of chromosomal rearrangements localized to a limited number of genomic regions in the nucleus. This raises the intriguing possibility that the MNi produced by or reincorporated into the nucleus during liver regeneration may contribute to accelerated hepatocarcinogenesis through a mechanism involving chromothripsis. Thus, it is possible that the genomic changes that involve gene amplifications unique to tumors from mice subjected to PH, but not in the spontaneous tumors from sham-treated mice, as we have reported, (16) may in part be the product of chromothripsis-like events involving MNi.
It is striking to note that the increase in micronucleated hepatocytes following PH in Mdr2 -/-mice is similar in magnitude to that reported by others following PH in mice to which various chemical carcinogens were administered, including the genotoxin diethylnitrosamine, which is also a strong hepatotoxin. (39, 40) This implies that, in terms of its potential to induce genomic instability, chronic injury and inflammation when coupled with regenerative stress in the liver appear to promote genomic instability not unlike that of strong chemical carcinogens. Moreover, IL6 has been shown to be crucial for diethylnitrosamine-induced HCC, particularly in male, obese mice, although the mechanism by which IL6 promotes HCC remains unclear. (47, 48) Because both diethylnitrosamine treatment and liver resection involve the acute loss of tissue mass, it is tempting to postulate that in these and similar circumstances the regenerative role of IL6, with its apparent propensity to support genomic instability, defines its protumorigenic character. Nevertheless, the question of whether chronic IL6 expression also supports hepatocarcinogenesis on a background of chronic hepatitis in the absence of liver regeneration remains to be answered.
As surgery remains a principal potential treatment for patients with liver cancer, we sought to elucidate the mechanisms of surgery-enhanced tumor recurrence in order to ultimately improve long-term outcomes. Our findings indicate that the perioperative period is a key window of opportunity to counter the protumorigenic ramifications of surgery-induced liver regeneration. Our observation that pharmaceutical inhibition of IL6 prevents the accelerated emergence of liver cancer without increased mortality suggests a new and simple therapeutic approach to extend the tumor-free survival of liver cancer patients following surgical resection. In this respect, it is of interest to note that several inhibitors of IL6 signaling are currently approved or in development for clinical use. (49) The findings of this study provide preliminary evidence that support perioperative administration of IL6 inhibitors as a means to reduce the risk of tumor recurrence in liver cancer patients undergoing resection and provide the rationale for their potential evaluation in future clinical trials. However, new therapeutic strategies that prevent tumor recurrence after surgery need to be explored. In this regard, the aim of enhancing the hypertrophic over the hyperplastic regenerative response may serve as a useful guide to uncover novel strategies and compounds that prevent the initiation of secondary cancers following surgical stress in patients with chronic hepatitis.
